hand rehabilitation; metacarpophalangeal joint stiffness; static progressive splinting; traumatic hand injury Summary Objective: To evaluate the efficacy of a static progressive metacarpophalangeal (MCP) joint flexion splint in managing MCP joint stiffness in patients suffering from traumatized hands. Methods: A total of 31 patients with stiff MCP joints (n Z 116) were recruited for this prospective study. A static progressive MCP flexion splint was designed to manage the MCP joint stiffness of traumatized hands, which is a common problem after surgery. The values of the initial and final passive range of motion (PROM) and active range of motion (AROM) were compared. In addition, the Disabilities of the Arm, Shoulder, and Hand (DASH) scores before and after surgery were also compared. Spearman correlation matrix was used to determine the relationship of the DASH score with PROM and AROM separately. Results: The PROM increased from 23.47 AE 16.26 degrees to 59.01 AE 14.75 degrees after treatment, and the difference between the initial and final PROM is 35.54 AE 16.92 degrees (t Z 22.63, p < .001, df Z 115). The AROM also significantly increased from 10.29 AE 10.67 degrees to 25.03 AE 18.25 degrees, with a mean difference of 14.74 AE 15.40 degrees (t Z 10.31, p < .001, df Z 115). The DASH score improved from 40.71 AE 13.22 to 24.26 AE 11.33 (t Z 7.00, p < .001, df Z 30), which indicates a significant negative correlation with the AROM of MCP joints following treatment. Conclusion: The static progressive MCP flexion splint promotes both physical and functional outcomes. The increased AROM of the MCP joints improves the functional outcomes in patients with traumatized hands.
Introduction
Hand crushing, avulsion, and laceration are common among manual workers and automobile accident victims in developing countries. In general, these injuries involve multiple tissues, including bones, joints, ligaments, muscles, tendons, nerves, and arteries. Restoring the range of motion (ROM), function, and independence of patients remains a challenge for hand surgeons and therapists. Immobilization helps regain skeletal stability and promotes growth of soft tissues. However, prolonged immobilization increases the risk of joint stiffness, particularly in the metacarpophalangeal (MCP) joints (Bell-Krotoski & Figarola, 1995; Cyr & Ross, 1998) .
Patients with crush injuries lose the passive ROM (PROM) of MCP joints mainly due to the formation of scar over the soft tissues of the hand and the anatomical structure of the MCP joint. Inelastic collagen fibres cross-link tendons, bones, skin, and soft tissues around the wound, which results in inhibition of proper tendon gliding and shortening of soft tissues such as the collateral ligaments of the MCP joint. Scar tissues occupy the space around the joint, reducing the PROM of the joint. The MCP joints easily develop extension contracture due to the tendency of the collateral ligaments of MCP joints to contract. In this situation, the patient cannot maintain a functional grasp or properly manipulate objects, resulting in severe loss of hand function (Stewart, 2002) .
The benefits of static progressive splinting in treating joint stiffness have been described in previous studies (Colditz, 2002; Schultz-Johnson, 2002) . However, most studies focused on practical orthotic fabrication skills and physical management, such as the use of physical modalities and passive stretching (Fess & McCollum, 1998; Glasgow, Tooth, & Fleming, 2010; Susan, Bette & Mary, 2004; Zhang, Yue, Shou, Qian, & Zhou, 2003) .
Previous studies (Colditz, 1983 (Colditz, , 1996 Flowers, 2002; Flowers & LaStayo, 1994; Glasgow, Fleming, Tooth, & Hockey, 2012; Glasgow, Wilton, & Tooth, 2003) have revealed the relationships between total end range time (TERT) or daily TERT and the efficacy of a static progressive splint (SPS). The duration of splint application is positively correlated to the motion regained in stiff finger joints (Flowers & LaStayo, 1994; Glasgow et al., 2003) . Lucado, Li, Russell, Papadonikolakis, and Ruch (2008) assessed the efficacy of an SPS by assessing ROM, grip strength, and subjective hand function evaluation, and their results showed that the SPS can increase the ROM of the wrist and the grip strength of patients with fractures on the distal radius. The same study showed that the Disabilities of the Arm, Shoulder, and Hand (DASH) score is negatively correlated with wrist extension and forearm supination. To date, only a few studies have focused on the application of SPS in regaining MCP joint motion [including PROM and active ROM (AROM)] and hand function of patients who have sustained traumatic injuries to the hand.
The purpose of this study is to determine the efficacy of static progressive MCP joint flexion splint, which is designed to address the anatomical and pathophysiological issues related to MCP joint stiffness. Most splints designed in the past are dynamic, and patients often find the splints clumsy and difficult to apply. Moreover, the tension from the coil or elastic bands cannot be easily adjusted by patients. The splint designed in this study is simple and easy to apply. Patients can also adjust the tension themselves after therapists have given demonstration and instructions. The total wear time can be closely monitored by therapists. The efficacy of this splinting programme has been proven by PROM, AROM, and hand function measurements derived through the DASH questionnaire. The relationship of DASH score with PROM and AROM has also been clarified.
Methods

Participants
This prospective study was approved by the Institutional Review/Ethics Committee of Wuxi Hand Surgery Hospital in Jiangsu Province, China. All patients involved in this study signed consent forms prior to implementation.
Thirty-one inpatients suffering from hand trauma and multiple soft-tissue contractures at any MCP joint in digits two to five were recruited by convenience sampling. These patients were admitted consecutively to our hospital. The inclusion criteria were as follows: The patient must be aged 18 years or older; the patient must have been diagnosed with MCP joint stiffness caused by hand trauma, with limitations in the MCP joint PROM in the flexion range of digits two to five; and the patient must not have joint fractures as verified by X-rays.
Patients with MCP joint fractures (fractures of the metacarpal head and the base of proximal phalanx), patients with bony MCP joint end feels in PROM, and patients who were referred to hand therapy for 3 months or more after injury were excluded. Subsequently, the selected patients were instructed to join a rehabilitation programme composed of a splinting programme (a static progressive MCP flexion splint) and an exercise programme under the instruction of a qualified therapist.
Treatment programme
Splinting fabrication and wearing. A volar forearm-based splint, which extends 10 cm proximal to the wrist crease, was fabricated using a 3.2-mm thermoplastic splinting material ( Figure 1 ). The wrist was positioned in neutral to slight extension, whereas all five fingers were positioned to be free for motion. The splint was flared at the palmar crease to provide comfort and prevent skin damage. A palmar outrigger was fabricated using the same material and was attached using rivets to ensure the proper angle of pull. The hand of the patient was wrapped with Coban to prevent the proximal migration of the splint. The wrist and the hand were secured within the splint using Velcro straps. A thick cotton fabric was attached to the proximal part of the splint with the Velcro sewn in place (Figure 1 ). The strap was sewn together on the distal end to form a finger loop corresponding to the circumference of the proximal phalanx of each finger. The finger loop was hooked around the proximal phalanx distal to the MCP joint, crossed over the palmar outrigger, proximally pulled, and fastened on the proximal part of the splint using Velcro (Figure 2 ). Splint wearing regimen. The patients wore the splint for 30 minutes every session during the 1st week of treatment. The daily repetitions were individually adjusted to the needs and comfort of each patient under guidance from the therapist, ranging from two to five wearing sessions. Each patient was provided with a journal to document the wearing time. The journal was collected and reviewed weekly by the therapist. The TERT, which is the total time of wearing the splint, was calculated by the therapist on the discharge date. The patients were instructed to increase the force to a tolerable pain level by proximally pulling the straps when the splint was applied to the MCP joints. Additional force may be applied according to the tolerance level of the individual patient, and the strap tension could be released to a comfortable force to increase wearing time (Glasgow et al., 2010) .
The wearing time could be progressively increased to a whole night in the following weeks. The patients were instructed on orthotic application, treatment protocol, and strap adjustment to promote the appropriate direction and pull tension to ensure comfort and prolonged low-load stress to the soft tissues (Flowers, 2002) .
In addition to the splinting programme, the participants underwent a standard hand therapy programme, which was routinely provided to patients with MCP joint stiffness at the rehabilitation department. The standard hand therapy programme includes paraffin therapy, ultrasound therapy, hand exercises, passive mobilization of the joints, and active mobilization performed by patients.
Methods of evaluation
A goniometer was used to measure AROM and PROM progress every week prior to treatment. Blind measurements were taken by a therapist. The patients were requested to fill out the DASH questionnaire before and after the treatment programme. The DASH score is a comprehensive assessment of the outcome following an injury to the upper limb. It is a 30-item questionnaire that evaluates symptoms and physical function at the level of disability with a fiveresponse option for each item (Hudak, Amadio, & Bombardier, 1996; Marx, Bombardier, Hogg-Johnson, & Wright, 1999; McConnell, Beaton, & Bombardier, 1999) . Higher DASH score represents advanced disability. The DASH score has a good construct validity and testeretest reliability (Beaton et al., 2001; Davis et al., 1999) . A patient satisfaction survey developed by the hospital was administered on the date of discharge from the hospital to evaluate the overall satisfaction of the patients with the intervention therapy and the functional outcome.
Statistical analysis
Paired samples t test was performed to assess the differences between pre-and post-treatment measurements. The Spearman correlation coefficients (r) between the DASH scores and both the PROM and AROM measurements of the MCP joints, which are the average ROMs of the 2nd to 5th MCP joints on the involved side, were calculated. SPSS (Version 17.0) (SPSS Inc., Chicago, IL, USA) was used for all analyses. Outcome measures with observed p < .05 were considered to be statistically significant.
Results
This study included 31 patients (21 males and 10 females; mean age, 34.90 AE 12.46 years; age range of participants, 18e58 years) with stiff MCP joints stiffness (n Z 116) caused by soft-tissue injuries. The mean interval from injury to the use of the static progressive MCP flexion splint was 36.94 AE 10.34 days (range, 20e63 days). The patients received an average of 6.58 AE 1.52 weeks of splint treatment (Table 1) . Each patient demonstrated good compliance with the splint. The TERT was 229.48 AE 69.16 hours, ranging from 128 hours to 372 hours.
The PROM of the treated MCP joints of all patients increased, and the AROM of 29 patients improved. The overall regained ROM in finger flexion was higher after the intervention programme. The mean overall PROM increase was 35.54 AE 16.92, ranging from 10 degrees to 80 degrees. The mean initial PROM measurement prior to the application of the splint was 23.47 AE 16.26, ranging from 0 degrees to 65 degrees. The final measurement increased to 59.01 AE 14.75, ranging from 20 degrees to 85 degrees (p < .001; Table 2 ). However, the mean AROM slightly Figure 2 Wearing regimen of splint. increased from 10.29 AE 10.67 to 25.03 AE 18.25, and the increased angle was 14.74 AE 15.40, with significant difference (p < .001).
The DASH score improved from 40.71 AE 13.22 to 24.26 AE 11.33 after treatment (p < .001). The Spearman correlation coefficients (r) for the DASH score with average PROM and average AROM were calculated (Table 3 ). The DASH scores demonstrated a significant negative correlation with the average final AROM (r Z À.635, p < .001).
The analysis of the patient satisfaction surveys indicated that 21 of 23 patients (91.3%) were satisfied with the functional outcome.
Discussion
Our study team has developed a composite finger flexion splint, which applies progressive force to flex the entire finger towards regaining the PROM of stiff finger joints (Wang, Erlandsson, Rui, Xu, 2011) . Patients suffering from crush injuries to the hand often have MCP joints in extension and proximal interphalangeal joints in flexion, which are not functional positions of the hand. The previous composite finger flexion splint directs the pulling force in an axial direction rather than in a direction perpendicular to the proximal phalanx, and reduces the efficacy of the splint (Susan et al., 2004) . In this study, the finger sleeve was changed to a finger loop based on a pre-existing composite finger flexion splint, which applies force to the proximal phalanx and specifically promotes the PROM of the MCP joint. A stable outrigger was also added to the palmar side of the splint to increase the torque vertically on the proximal phalanx. Figure 3 shows that the fulcrum is located in the centre of the head of the metacarpal bone. The resistance force comes from the capsule, extensor, or scar tissue. It is indicated as R on the dorsal side, whereas the pull strength is indicated as F on the palmar side. The lever is mathematically expressed as R Â Lr Z F Â L. The torque is determined by the perpendicular distance (L) from the hinge to the point of force application at constant F. The torque accordingly increases once the perpendicular distance increases from L 0 to L (Figure 3 ). The outrigger should be shortened to adapt to a new angle as the proximal phalanx flexes to gain maximal torque to flex the MCP joint.
The static progressive splinting theory puts forward the idea that the tissue should be held at a maximum prolonged low-load stress to promote tissue lengthening (Flowers, 2002; Glasgow et al., 2003 Glasgow et al., , 2012 . Based on experience, intolerance to wearing the SPS is caused by discomfort, pain in the palm, or splint migration. Therefore, evaluating the cause and location of pain is important. Modelling clay may be used as a cushion on the palmar part of the splint to decrease local pressure if the prolonged low-load stress, splint pinching, or digging on the palm causes pain. Furthermore, the use of Coban tape on the part of the hand under the splint has been found to prevent the splint from migrating distally. Inelastic fabric provides softness and comfort to the skin as well as strong pulling capability and stability to the splint. Taking these factors into consideration, we used the modified static progressive MCP flexion splint to treat MCP joint stiffness.
The patients in this study were compliant with wearing the splint, the tension, and direction of pulling. The patients themselves were able to adjust the tension and direction of pulling. The releasing of straps is not abrupt, but gradual; thus, pain and discomfort are prevented. Pain and discomfort were also addressed by educating the patients that increasing the pulling force should be based on their capability to tolerate the pulling force of the splint.
The statistical analysis showed that, in general, the patients demonstrated better PROM measurements than AROM, despite the significant change that occurred between pre-and post-AROM. There are two possible explanations for these findings. The resistance from joint capsular tightness and soft-tissue adhesions prohibited active joint motion. Muscle weakness is the other possible explanation. Surgical tenolysis is required to improve AROM if the joint stiffness fails to respond to splinting and exercise. Therefore, patients must be instructed to continue strength training after completing their hand therapy treatment to regain functional hand strength. In addition, the increase in the AROM of 11 patients in this study was higher than that of PROM, whereas the AROM values of all patients are not higher than those of their respective PROM. Hand therapy can address this situation through oedema reduction, scar softening, and AROM promotion through strength exercise.
The upper extremity function of 27 patients in this study improved based on the DASH score, which is a subjective evaluation of the overall upper extremity function of the patients. The DASH score of most patients decreased, but not as low as the predicted ratio. Two patients showed higher DASH score, which highlights the worst functional outcome after treatment. Two patients showed unchanged DASH scores. The results may have been influenced by cultural factors, such as illiteracy, reimbursement of injury expenses from employer, and unsatisfactory treatment results.
A retrospective study by Lucado et al. (2008) showed that the DASH score is negatively correlated with wrist extension and forearm supination. This increase in motion is associated with decreased DASH score, which reflects better functional result. In this study, the DASH score had a negative correlation with the average AROM of MCP joints from the second finger to the fifth finger. However, the DASH score and the average PROM of MCP joints were not significantly correlated. A possible explanation is that the PROM of MCP joints is not a functional motion, and therefore may not be directly correlated with the DASH score. The DASH score, which is a comprehensive functional evaluation of the upper extremity, might be affected by active or passive ROM, grip and pinch strength, hand sensation, and coordination. PROM might have less effect on the final hand function than the other factors.
This pilot study was performed with a small sample. Thus, confirmation of results can be attained by performing a double-blind prospective study with a control group using a follow-up design. The patients can also be categorized based on the cause of stiffness, such as tightness of the MCP joint capsule, scars, tendons, ligaments, or the volar plate. In future studies, the use of more objective evaluation methods will be beneficial.
Conclusion
Patients suffering from crush hand injuries can benefit from the proposed splinting programme that used a new SPS. The splint applies the biomechanical principles of prolonged low-load stress to alleviate stiffness in the MCP joints. All patients treated with the modified static progressive MCP flexion splint showed general increases in PROM and AROM and a decrease in the subjective DASH score. 
